Encapsulation of cells and tissue offers a rational approach for attenuating deleterious host responses toward transplanted cells, but a need exists to develop cell encapsulation strategies that minimize transplant volume. In this report, we describe the formation of nanothin, PEG-rich conformal coatings on individual pancreatic islets via layer-by-layer self-assembly of poly(L-lysine)-g-poly(ethylene glycol)(biotin) (PPB) and streptavidin (SA). Through control of grafting ratio, PPB could be rendered nontoxic and facilitated growth of PPB/SA multilayer thin films that conformed to the heterogeneous islet surface. (PPB/SA) 8 multilayer films could be assembled without loss of islet viability or function, and coated islets performed comparably to untreated controls in vivo in a murine model of allogenic intraportal islet transplantation.
Islet transplantation has emerged as a promising treatment for diabetes. 1 However, widespread clinical application of islet transplantation remains limited, in part, by the deleterious side effects of immunosuppressive therapy necessary to prevent host rejection of transplanted cells. 2 Decades of extensive research have led to the development of semipermeable microcapsules capable of protecting donor cells from the host immune system while allowing transport of glucose, insulin, and other essential nutrients. [3] [4] [5] To date, most microencapsulation approaches have employed 400-800 µm diameter microcapsules of diverse composition, formed via various drop generating processes, to randomly entrap 50-250 µm diameter islets. 4, 6, 7 Unfortunately, the relatively large size of conventional microcapsules imposes consequential mass transport limitations and produces transplant volumes not suitable for infusion into the portal vein of the liver, [8] [9] [10] the clinically preferred and currently most successful site for islet transplantation. 1, 11 Consequently, most microencapsulated islets are transplanted into sites with a limited vascular supply, such as the omentum 12 or peritoneal cavity, [13] [14] [15] which ultimately contributes to cell hypoxia and subsequent graft failure. 16 Therefore, encapsulation strategies for intraportal islet transplantation must minimize capsule void volume.
To reduce capsule size, several investigators have developed approaches to deposit coatings of defined thickness that conform to the surface of individual islets. [17] [18] [19] [20] Transplant volume is, therefore, defined only by the size of the islet and the thickness of the coating, significantly reducing void volume while retaining the presence of a protective polymer barrier. Such conformal coatings have been fabricated using a number of processes including emulsification, 17 discontinuous gradient density centrifugation, 18 selective withdrawal, 19 and interfacial polymerization 20 to generate 5-50 µm thick polymeric coatings. Attempts to further reduce coating thickness often lead to incomplete encapsulation or coating defects. Additionally, islet loss 19 and limited process scalability 18 are obstacles that must be addressed to coat a clinically relevant number of islets.
Layer-by-layer (LbL) polymer self-assembly has emerged as an attractive alternative to traditional thin film fabrication techniques due to its ability to generate films of nanometer thickness on chemically and geometrically diverse substrates. [21] [22] [23] Of particular relevance to cell encapsulation, film properties may be tailored to inhibit molecular recognition between complementary molecules on opposite sides of films. For example, Caruso et al. assembled multilayer films of poly(sodium styrenesulfonate) and poly(allylamine hydrochloride) on the surface of catalyase crystals to protect the encapsulated enzyme from protease degradation. 24 Similarly, Hubbell and co-workers have assembled alginate/poly(Llysine) films on gelatin to limit cell adhesion to the proteinaceous surface, 25 while Thierry et al. have coated deendothelialized blood vessels with chitosan/hyaluronic acid films to inhibit platelet deposition. 26 Moreover, through proper control of film constituents, multilayer films may also be used to elicit specific biochemical responses. Enzymes and other proteins, 27,28 DNA, 29 lipid vesicles, 30 drug-containing nanoparticles, 31 and polymers covalently functionalized with bioactive motifs 32, 33 have been used as film components to control the local biochemical milieu. Such capabilities hold considerable promise for generating biologically active cell and tissue coatings with the potential to abrogate deleterious inflammatory and immune responses to encapsulated islet grafts. 6 All told, LbL polymer self-assembly represents a rational approach for coating cells and cell aggregates with nanothin films of tailored surface chemistry, permeability, and bioactivity.
Polyelectrolyte multilayer (PEM) films, in particular poly(L-lysine) (PLL)/alginate PEM films, have been widely employed to confer permselectivity to conventional microcapsules. 13, 34, 35 Therefore, it was hypothesized that such films could be assembled directly on the surface of pancreatic islets in an analogous manner, using the negatively charged cell surface as a substrate for film assembly. Islets were first incubated with PLL (MW 15-30 kD, 1 mg/mL in RPMI 1640) for 5 min, rinsed 3 times with RPMI 1640, and subsequently incubated with alginate (2 mg/mL in RPMI 1640) for 5 min to form a single PLL/alginate bilayer. Maintenance of cell viability is critical to effective islet transplantation, and accordingly, islet viability was assessed shortly after film formation using confocal microscopy to image a representative population of islets stained with calcein AM (live) and ethidum homodimer (dead). Formation of even a single PLL/alginate bilayer exerted significant toxicity (data not shown). The toxicity of PLL, as well as many other polycations, toward a variety of cell types has been well documented. [36] [37] [38] [39] In accord with these reports, incubation of islets with 1 mg/mL PLL for 15 min resulted in a ∼60% decrease in islet viability relative to untreated controls ( Figure 1 ). Hence, direct contact between PLL and islets significantly decreases viability and precludes the use of PLL to initiate film growth on the islet surface. The toxicity of several other commonly employed polycations, including poly(allylamine hydrochloride) (PAH), poly(diallyldimethylammonium) (PDDA), and protamine was also assessed and all were found to exert significant toxicity after e15 min at both 1 and 0.1 mg/mL (data not shown); similar findings have been recently reported by Lee et al. 39 To the contrary, Krol et al. maintain that a PAH/poly(sodium 4-styrenesulfonate)/PAH (PAH/PSS/PAH) film may be assembled on the surface of human islets without significantly influencing islet viability or function. 40 To explore this apparent inconsistency, human islets were coated with a PAH/PSS/PAH multilayer using identical polyion properties (PAH, 15 kDa; PSS, 70 kDa), concentrations (2 mg/mL), incubation times (5 min), and solvent (RPMI 1640, dissolved one day in advance) as previously reported. Islet viability was assessed after film formation via calcein AM and ethidium homodimer-1 (live/dead) staining and imaging with confocal microscopy (Figure 2A-E) . The majority of cells within islets coated with a PAH/PSS/PAH film were found to be nonviable ( Figure 2B) , as indicated by a significant decrease in intercellular esterase activity (live, green) and an increase in ethidium homodimer (EthD-1) staining (red, dead). Consistent with the binding of EthD-1 to nucleic acids, punctate staining was distributed within cell nuclei ( Figure  2D ). Indeed, image analysis of confocal micrographs revealed a significant difference in viability between untreated and PAH/PSS/PAH coated islets ( Figure 2E ). Comparable results were obtained when film assembly was performed on murine islets (data not shown). The toxicity of PAH/PSS/PAH films was further confirmed through an MTS assay, which demonstrated that the viability of PAH/PSS/PAH coated islets was significantly less than that of untreated controls (30.7 ( 0.8% vs 103.7 ( 8%, p < 0.01, Figure 2E ). These data were consistent with those obtained using an independent islet isolation (PAH/PSS/PAH, 29.9 ( 2.5%; control, 100.7 ( 11.0%). As an additional confirmation of toxicity, the cytosolic enzyme, lactose dehydrogenase (LDH), could be detected in coating and wash solutions. Specifically, islets were found to release significantly more LDH during the initial PAH coating step relative to those exposed solely to cell culture media but otherwise treated in a similar manner (296 ( 21 vs 4.7 ( 4.2 µU/islet, p < 0.01, Figure 2F ). Additionally, LDH continued to leak from islets during a 3 h period immediately after PAH/PSS/PAH coating, whereas significantly less was released from controls (76.8 ( 5.9 vs 5.5 ( 0.6 µU/islet, p < 0.01, Figure 2F ). Human islet isolations are highly variable by nature, and consequently, the susceptibility of islets to toxic agents, including polycations, may depend on the unique characteristics of an islet preparation or islet subpopulation, including size, viability, metabolic capacity, purity, and integrity of the peri-insular extracellular matrix. Nonetheless, results obtained using three viability assays (calcein AM/EthD-1, MTS, and LDH) and three independent islet isolations obtained from separate transplant centers with extensive islet isolation experience indicate that PAH/PSS/PAH multilayer films cannot be assembled on islets without significant adverse effects on islet viability.
Poly(L-lysine)-g-poly(ethylene glycol) copolymers have been used to modify the surface of synthetic and natural implantable materials [41] [42] [43] [44] [45] and, importantly, have been reported to exert minimal toxicity toward fibroblasts in culture. 41 Therefore, to reduce the toxicity of PLL, NHS-PEG 3.4kDa (biotin) was grafted to primary amines on the PLL backbone to generate PLL-g[x]-PEG 3.4kDa (biotin) (PPB) graft copolymers 46, 47 with grafting ratios, x, of 5 and 2.5 (PPB [5] and PPB [2.5] , respectively), where x is the average number of modified and unmodified lysine residues per grafted side chain. Islets were incubated with PPB [5] and PPB[2.5] at 1 mg/mL for 15 min, 1 h, 4 h, and 12 h and islet viability was assessed until significant decreases in islet viability were observed relative to untreated controls. Incubation of islets with PPB [5] resulted in a statistically significant (p < 0.01) 6.5% decrease in viability after 4 h which was largely due to death of cells on the islet periphery ( Figure 1 ). While such small changes in viability may not have a significant impact on overall islet function or engraftment, death of peripheral cells and concomitant changes in islet morphology ( Figure  1B ) will likely compromise film assembly and properties. By contrast, islets could be incubated in PPB [2.5] for at least 12 h without adversely influencing islet viability or morphology ( Figure 1) . Therefore, cytotoxicity tends to decrease (PPB[2.5] < PPB[5] < PLL) with decreasing polycation charge density (PPB[2.5] < PPB [5] < PLL), a phenomenon in accord with previous findings. 38 The dramatic reduction in toxicity achieved with increased PEG grafting might be explained by differences in the three-dimensional arrangement of cationic monomers on the cell membrane. Ryser suggested that the membrane permeabilization potential of polyamines decreased as the space between amino groups increased. 48 Interestingly, it was speculated that a three-point attachment mechanism was necessary to invoke membrane pore formation, and, therefore, it is perhaps not coincidental that the toxicity of PLL is abrogated as the grafting ratio decreases below 3 (i.e., charge neutralization of one in every three lysine residues). Alternatively, Hartmann et al. suggested that PLL transitions from a random coil in solution to an alpha helical conformation at the cell surface in order to maximize interfacial contact, 49 a phenomenon that may be sterically interrupted by grafted PEG chains.
PLL-g-PEG(biotin) copolymers adsorb to surfaces through Coulombic interactions between positively charged backbone lysine monomers and negatively charged surfaces, causing PEG chains terminated with biotin to extend into solution. 46, 47 To demonstrate adsorption of PPB[2.5] on islets, Cy3-labeled SA (Cy3-SA, 0.1 mg/mL, 30 min) was used to identify accessible biotin groups. Incubation with PPB[2.5] (1 mg/ mL, 15 min) facilitated the specific binding of Cy3-SA to the islet surface ( Figure 3A) , as islets incubated with only Cy3-SA demonstrated no fluorescent emission ( Figure 3B ). Islets incubated with nonmodifed PLL (1 mg/mL, 15 min) prior to Cy3-SA demonstrated sporadic and concentrated domains of fluorescent emission ( Figure 3C ), likely a result of membrane permeabilization by PLL and subsequent diffusion of Cy3-SA into the cytoplasm. 36 Therefore, unlike PLL, PPB provides a foundation for initiating growth of multilayer thin films on the surface of viable pancreatic islets.
As an alternative to PEM film formation, receptor-ligand interactions have been used to fabricate multilayer architectures. 50, 51 A ligand-derivatized polymer adsorbed to a surface creates a ligand-rich interface capable of binding soluble receptors. Provided each receptor has multiple binding sites for the ligand, a fraction of binding sites may remain unoccupied, facilitating binding of the ligand-derivatized polymer and regeneration of a ligand-rich interface. Such films have commonly been assembled through alternating deposition of biotin derivatized polycations and (strept)avidin. [51] [52] [53] Many of these films, however, have utilized polycations of high charge density [52] [53] [54] and, therefore, are likely unsuitable for assembly on living cells or tissues. Moreover, PEG-rich multilayer films have not been constructed in this manner. To determine if multilayer thin films could be fabricated through layer-by-layer deposition of PPB [2.5] and SA (Scheme 1), solid-state spectroscopy was used to monitor the absorbance of Cy3-SA as a function of layer number. Figure 4 shows a series of representative absorption spectra, with each successive curve corresponding to a different bilayer. Plotting absorbance at 554 nm (Figure 4, inset) , which corresponds to the amount of surface-bound Cy3-SA, as a function of layer number demonstrates that film growth occurs in a linear manner. This behavior is in accord with previously published spectroscopic measurements of biotin-PEI/avidin multilayer films. 52 From the approximate molecular dimensions of streptavidin (5.4 × 5.8 × 4.8 nm), 51 the molar extinction coefficient of Cy3 (1.3 × 10 5 M -1 cm -1 ), and the fluorophore:protein ratio of the Cy3-SA conjugate (7.0), the absorbance of a monolayer of Cy3-SA is estimated to be 5.7 × 10 -3 . The absorbance change per PPB/Cy3-SA layer was found to be 5.4 × 10 -3 , indicating that just under a monolayer of streptavidin is bound after each deposition.
Confocal microscopy was next used to demonstrate multilayer film growth on the surface of individual pancreatic islets ( Figure 5 ). Islets were incubated in PPB[2.5] for 15 min, rinsed three times with culture media, and incubated in Cy3-SA for 30 min. After formation of a single PPB[2.5]/ Cy3-SA bilayer, islets were divided into two groups: one group was incubated in PPB [2.5] for an additional 15 min ( Figure 5A ) while the other was placed in RPMI 1640 ( Figure 5B) . Both groups were then incubated in FITClabeled SA (FITC-SA) for 5 min and imaged with twochannel confocal microscopy. Receptor-ligand binding kinetics predicts that the initial rate of streptavidin binding increases with increased surface density of free biotin. Therefore, islets incubated with a second layer of PPB would be expected to bind more FITC-SA than islets that were not due to regeneration of accessible biotin groups in the former. Indeed, fluorescent emission from FITC-SA was observed around the periphery of islets that were incubated with a second layer of PPB, while the signal was essentially absent for islets that were not. These observations indicate that multilayer architectures can be assembled on the surface of islets via alternating deposition of PPB [2.5] and streptavidin.
Live cell confocal microscopy was also used to assess the localization, distribution, and gross uniformity of PPB/SA multilayer films assembled on islets. Three-dimensional reconstructions of serial optical sections of islets coated with a (PPB[2.5]/Cy3-SA) 4 film (Figure 6 ) demonstrate that the film conforms to undulations on the islet surface and is grossly uniform at the resolution used here. Using Hoechst nuclear stain to identify individual cells within islets, FITClabeled PPB (FITC-PPB), and Cy3-SA, confocal microscopy demonstrated that the film is localized both on the periphery of the islet ( Figure 7A ) and within the interstitial space between individual cells within the core of the islet ( Figure  7B ). Hence, all surfaces which are accessible to film constituents may be coated, reflecting the truly conformal nature of such nanoassembled films and demonstrating the potential to encapsulate and/or modify individual cells within a multicellular tissue such as islets. Importantly, film constituents were concentrated predominately on the surface of cells (i.e., in the extracellular space), as fluorescent emission from both Cy3-SA and FITC-PPB did not colo- . PPB/SA multilayer films assemble extracellularly. Islet cell nuclei were stained with Hoechst (blue) to identify individual cells within islets. Islets were coated with a (FITC-PPB/Cy3-SA) 4 multilayer film, and confocal microscopy was used to identify film components. PPB and SA were colocalized on the surface of cells on the islet periphery (A) as well as in the interstitial space between individual cells within the core of the islet (B). Conversely, FITC-PLL was observed throughout the cytoplasm of cells and often colocalized with cell nuclei (C).
calize with cell nuclei, was not distributed throughout the cytoplasm of cells, and existed in discrete domains consistent with the extracellular architecture of isolated pancreatic islets. In contrast, FITC-labeled PLL (1 mg/mL, 15 min) was found colocalized with cell nuclei and distributed throughout the cytoplasm of individual cells ( Figure 7C ), which adopted an extended morphology, likely due to cell necrosis. 38 PLL and many other polycations have been shown to induce pore formation in the plasma membrane, a phenomenon which often mediates cell death and enables transport of molecules, including the polycation itself, across the cell membrane. 36, 38, 48, 55 The extracellular localization of PPB/SA films, in particular the PPB component, suggests that conjugation of PEG 3.4kDa (biotin) to the PLL backbone inhibits or reduces its capacity to form pores in the cell membrane and/or diffuse into the cytoplasm, consistent with the observed reduction in toxicity. Interestingly, Krol et al. also observed polycation (PAH) penetration into the cytoplasm of cells within islets, 40 consistent with the cytotoxic effects exerted by PAH reported herein.
As a consequence of cell encapsulation, diffusive transport of essential nutrients may be hampered, potentially resulting in decreased cell viability and/or improper temporal response to physiological stimuli. 56 Furthermore, fabrication of PPB[2.5]/ SA multilayer films is anticipated to concentrate PPB on the cell surface, potentially generating locally toxic concentrations. Therefore, islet viability and function were assessed after fabrication of a (PPB/SA) 8 multilayer film. Coating islets did not affect islet viability ( Figure 8A ) indicating that neither the polymers employed nor the coating process caused damage to islets. Of clinical significance, human islets could also be coated with a (PPB[2.5]/SA) 8 multilayer film without compromising islet viability ( Figure 8A) ; this was further confirmed using an MTS assay whereby the viability of coated and untreated islets was indistinguishable (p . 0.1). Additionally, the coating process did not result in islet loss. Islet function was assessed in vitro by measuring insulin secretion in response to a step change in glucose concentration. As shown in Figure 8B , islets coated with a (PPB[2.5]/ SA) 8 multilayer film function comparably to nontreated islets in response to glucose stimulation. Impaired in vitro insulin secretion has been observed for a variety of conventional microcapsule formulations 3,57,58 due to significant void space which glucose and insulin must cross prior to transport across the membrane. Due to the nanothin and conformal nature of PPB/SA coatings, this behavior was not observed. While no attempts were made to fabricate more than eight bilayers, it is anticipated that considerably more layers may be formed without compromising islet viability given the lack of toxicity exerted by PPB [2.5] .
Finally, islets coated with a (PPB[2.5]/SA) 8 /PPB [2.5] multilayer film were transplanted into the portal vein of mice in a B10 to B6 allograft model; a final PPB layer was used to generate a terminal PEG layer to help prevent nonspecific binding of serum proteins to the film. 47, 59 In this model of islet transplantation, a suboptimal number of islets (250) are infused into the portal vein of the liver, resulting in transient reversal of diabetes (euglycemic for >2 consecutive days) in only a fraction of recipients during the initial 2 weeks post-transplant. 60, 61 Therefore, differences in rates of conversion to euglycemia reflect changes in islet survival and function in the immediate post-transplant period. Of the 16 mice transplanted with untreated islets, 6 converted to euglycemia (37.5%), whereas 7 of 15 mice (46.7%) converted when receiving islets coated with a multilayer film. This difference was not statistically significant ( 2 ) 0.11), indicating that islets coated with a (PPB/SA) 8 /PPB multilayer thin film maintain islet viability and function in vivo, and suggesting that the film itself does not invoke a deleterious nonspecific inflammatory response. This is significant as intraportal transplantation of islets encapsulated in 350 µm microcapsules has been found to impair islet engraftment relative to nonencapsulated controls due, in part, to inflammatory responses elicited against the implant. 10 Moreover, the observed trend toward increased conversion to euglycemia suggests a potential beneficial impact of the film, an effect which may be rendered more pronounced by increasing film thickness, optimizing barrier permeability, or by incorporating bioactive film constituents, efforts which are currently ongoing. Significantly, this is the first study to report in vivo survival and function of nanoencapsulated cells or cell aggregates.
Covalent conjugation of PEG to islet surface proteins and carbohydrates has recently been explored as a strategy for attenuating host responses to transplanted allo-and xenografts. 62, 63 However, the efficacy of PEGylation may be limited, in part, by the lack of a defined pore structure, with primary dependence on barrier function through a steric exclusion effect. In principle, such limitations may be addressed through use of PPB/SA multilayer films, which are anticipated to generate PEG-rich networks rather than a monolayer of grafted PEG on the cell surface. Reports demonstrating in vivo efficacy of islet surface PEGylation have utilized different, in some cases less rigorous, animal models and/or adjunctive immunosuppressive therapy. 39, 63, 64 Therefore, PPB/SA multilayer films may demonstrate increased efficacy in other animal models of islet transplantation or may act in synergy with systemic administration of immunomodulatory agents.
PPB/SA films may also provide important advantages over covalent biotinylation strategies employed to immobilize bioactive molecules to the islet surface. 65, 66 As a multilayered structure, PPB/SA films may allow biotinylated or streptavidin-linked molecules to be embedded within the film, thereby facilitating greater loading than might be accomplished using a single layer of immobilized biotin moieties. Moreover, multilayer films assembled via (strept)-avidin/biotin interactions may be disintegrated using excess biotin, 53, 54 thereby allowing triggered release of embedded agents.
In conclusion, PPB/SA multilayer films provide a novel approach to generating nanothin, PEG-rich conformal islet coatings through a self-assembly process. While further characterization and optimization of properties is necessary to generate films capable of significantly improving in vivo islet engraftment, this work helps establishes a new paradigm for encapsulating and/or modifying islets prior to portal vein transplantation. Additionally, this work provides mechanistic insight regarding the relationships between polycation charge density, cell surface localization, and cytotoxicity, with important implications for the design of cell and tissue surface-supported nanostructures. All told, PPB/SA multilayer films offer a unique approach to resurfacing the biochemical landscape of living cell and tissue interfaces with broad applications in tissue-targeted chemistry, biosensing, in situ tissue engineering, and targeted cell delivery.
